Direct evidence for substantial mobilization of copper in the coronary flow immediately following prolonged, but not short, cardiac ischemia is presented. In the first coronary flow fraction (CFF) of reperfusion (0.15 ml), after 35 min of ischemia, the level of copper (as well as of iron) was 8-to 9-fold higher than the preischemic value. The levels in subsequent CFFs decreased and reached the preischemic value, indicating that both metals appear in a burst at the resumption of coronary flow. When the first CFF was used in a reaction mixture containing ascorbate and salicylate, the latter underwent chemical hydroxylation and was converted to its dihydroxybenzoate derivatives. Likewise, this CFF promoted the ascorbate-driven DNA degradation. Subsequent 150 CFFs were serially collected and demonstrated low activities. Following 18 min of ischemia, the copper level in the first CFF of reperfusion was only 15% over the preischemic value. In contrast, the mobilization of iron into coronary flow was significant but markedly lower than after 35 min. The levels of copper and the redox activity of the frst CFF correlated well with the degree of loss of cardiac function, after 18 and 35 min of ischemia, respectively. After 18 min of ischemia, cardiac function was about 50% and the damage is considered reversible, whereas after 35 min the functional loss exceeded 80% and is considered irreversible. These results are in accord with the causative role that copper and iron can play in heart injury following ischemia, by virtue of their capacity to catalyze the production of hydroxyl radicals, and could lead to the development of new modalities for intervention in tissue injury.
Copper and iron are essential trace elements that are abundant components of many proteins and often participate in the catalytic function of enzymes (1, 2) . However, upon their leakage out of stores and their release out of macromolecular structures they could become involved in deleterious processes to tissues (3) (4) (5) (6) (7) (8) (9) . Thus, they are handled in wellregulated and highly concerted modes, in vivo. Among the mechanisms proposed to explain their injurious effects is their causative role in free radical reactions.
Oxygen-derived active species, including free radicals, have been implicated in tissue injury following ischemia and reperfusion of the heart (10-16) and brain (17) (18) (19) as well as in various other pathologies (4, 20) . Their production from relatively low-reactive species has been proposed to be mediated by redox active metal ions (3, 21) . Indeed, circumstantial evidence was presented to support the causative role of newly mobilized redox active iron in tissue injury (22) (23) (24) (25) . Iron chelation has provided protection against tissue injury following ischemia (26) (27) (28) (29) , whereas the addition of Fe(III) and Fe(II) to the perfusate increased the rate of injury in hearts subjected to ischemia and reperfusion (30, 31) . Nonetheless, direct evidence for the involvement of endogenous iron in ischemia and reperfusion has not yet been available nor has it been either postulated or demonstrated that endogenous copper is a bona fide candidate for such deleterious processes.
These deleterious processes are catalyzed by the fraction of "free" iron and copper that is redox active. As these metal ions are sparingly soluble under physiological conditions, they must attach and form complexes with biological molecules and serve as redox active centers for repeated production of free radicals leading to damage at, or near, the metal binding site (21) .
In this communication we present evidence for substantial mobilization and for redox activity of copper and iron in the coronary flow fraction (CFF) immediately following global ischemia of the isolated rat heart in the Langendorff configuration. The observed patterns of mobilization of copper and iron following either prolonged or short periods of ischemia are different and could serve as a basis for the evaluation of the reversibility of heart damage following ischemia.
MATERIALS AND METHODS
Sprague-Dawley male rats (250-350 g) were used and allowed ad libitum access to standard laboratory stock diet and water. Rats were injected with sodium heparin (500 units, i.p.), 30 min prior to anesthesia with sodium pentobarbital (60 mg/kg, i.p.). Hearts with a segment of the ascending aorta attached were rapidly excised, put in ice-cold heparinized saline, and then orthogradely perfused in the Langendorff configuration (32, 33) . The aorta was ligated to a plastic cannula, rather than to a metal piece, to minimize the background levels of iron and copper in the CFF. The aorta was connected to a water-jacketed column to maintain the heart and the perfusate at 370C. The perfusate entered the hearts at a pressure of 85 cmH2O.
The perfusate was a "blood-free" and modified KrebsHenseleit (KH) buffer, as described (33) . It contained 118 mM NaCl, 5.8 mM KCI, 2.5 mM CaC12, 1.2 mM MgSO4, 25 mM NaHCO3, and 11.1 mM glucose (33) . All perfusion buffers were prepared the day of the experiment in doubledistilled water and filtered prior to use. Once in the waterjacketed column, the perfusate was continuously gassed with 95% 02/5% CO2. pH was maintained at 7.4. All vessels were prewashed with EDTA (0.1 M) before use.
The hemodynamic parameters of cardiac function were continuously monitored as described (33) . Preischemic perfusion of 10 min was allowed to stabilize the hemodynamic parameters. Subsequently, 18 or 35 min of no-flow normothermic global ischemia was produced by cutting off the flow to the aorta, followed by 15 min of reperfusion. Ventricular Abbreviations: CFF, coronary flow fraction; CFS, coronary flow sample; DHBA, dihydroxybenzoic acid; DTPA, diethylenetriamine pentaacetic acid; HPLC-ECD, HPLC coupled with electrochemical detection; DP, ventricular developed pressure.
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CFFs of three drops (about 0.15 ml) were serially collected from the pulmonary artery before the ischemia and during the reperfusion. Up to 150 fractions (-15 min) were collected in the reperfusion phase. Corresponding CFFs from 6-10 hearts were pooled together to produce a "coronary flow sample" (CFS). CFSs were kept at -70'C until analyzed.
Measurements of iron and copper concentration in CFS were conducted according to known procedures by using a Zeeman atomic absorption spectrometer (Varian, SpectrAA-300/400) (34) . Protein content was determined (35) .
CFF-mediated conversion of salicylate to its metabolitesdihydroxybenzoate and catechol-was studied using a reaction mixture (100 pl) containing CFS (50 1.l) and salicylate and ascorbate (1 mM, each) in KH buffer. Reaction mixtures were incubated for 1 hr at 370C. At the end of the incubation, 10 1.l of ice-cold trichloroacetic acid (30%) was added and the suspensions were spun down at 12,000 x g for 1 min. The supernatant was analyzed for the dihydroxybenzoic acid derivatives (DHBA) and catechol by HPLC coupled with electrochemical detection (HPLC-ECD), as described (36) .
Single-and double-stranded DNA were purified from the two biological forms of M-13 bacteriophage (37, 38) . Reactions and gel electrophoresis were performed (39) . RESULTS Isolated rat hearts were allowed to contract and stabilize during a 10-min perfusion phase and subsequently were subjected to no-flow normothermic global ischemia. CFF was collected at the end of the 10-min perfusion (preischemic CFF). Upon reperfusion, three-drop fractions approximately every 6 s (post-ischemic CFF) were serially collected for a period of 15 min. Fig. 1 A and B show the concentration of iron and copper in these CFFs, as measured by atomic absorption spectroscopy. In the first reperfusion CFF, following 35 min ofischemia (left side of Fig. 1 ), relatively high concentrations of copper and iron were observed. An 8-to 9-fold elevation of copper and iron levels, as compared to the preischemic value, was found. The pattern of appearance and clearance for both metal ions was similar, although the absolute levels of copper were considerably lower than those of iron. There was also an analogous pattern of appearance and clearance of proteins following ischemia (Fig. 1C) . The first reperfusion CFF contained the highest protein level as compared to all other fractions.
The results from hearts subjected to 18 min of ischemia (right side of Fig. 1 ) were compared to those undergoing 35 min of ischemia. Iron and protein levels in the first reperfusion CFF were lower than those after 35 min of ischemia but remained markedly higher than the preischemic value. In contrast, the copper level was not different than the preischemic value (1.5 and 1.3 ng/ml, respectively; not significant). The pattern of appearance and clearance of iron and protein from CFF was similar to that following 35 (34) . CFSs were assayed for protein content (C) according to Bradford (35 18 (n = 11) 55 10 35 (n = 9) 22 5 +dP/dt (mmHg/s) 51 ± 10 13 ± 6 -dP/dt (mmHg/s) 48± 11 17 5 Recovery = the ratio between the value of the hemodynamic parameter in the reperfusion phase and its value in the preischemic phase, multiplied by 100, to convert it to percent; n = number of hearts in the experimental group. 2A). The second system measured the ascorbate-driven and CFF-mediated conversion of salicylate to its 2,3-and 2,5-dihydroxybenzoate derivatives (DHBA) and indicated the level of [-OH] production by the CFF (Table 2) . By analogy to the DNA degradation studies, the highest production of DHBA was by the first reperfusion CFF (Table 2, experiment 9) and was markedly lower in all other fractions. The level of DHBA production was significantly lower when using CFF from hearts subjected to only 18 min of global ischemia (Fig.  3) . Likewise, the formation of the secondary metabolite of salicylate-catechol-was elevated only by the first reperfusion CFF after 35 min of ischemia (Fig. 3) . Table 2 summarizes the relative effects of various agents on the conversion of salicylate to DHBA in the presence of either preischemic or first reperfusion CFF. There is an essential requirement for ascorbate and for redox active copper or iron for this conversion (40) as is demonstrated by experiments 9 and 10 and 1-3, respectively. First reperfusion CFF fulfills the requirement for copper or iron (but not for ascorbate). Conalbumin A, which effectively binds copper and iron, abolishes the CFF-mediated production of DHBA (experiment 12). EDTA, which renders copper into a redox inactive complex (41) and iron into a potent Fenton reagent (3), causes an increase in the efficiency of conversion to DHBA (experiments 3-5 and 11). The effect of desferrioxamine and DTPA on DHBA formation could not be evaluated because these chelators (which are present at much higher concentrations than DHBA) gave rise to large signals that interfered with the HPLC-ECD detection of the DHBA derivatives.
DTPA provided a major protection (%70%) against the ascorbate-driven and CFF-mediated degradation of either single-or double-stranded DNA (Fig. 2 B and C, lanes 3) . Desferrioxamine, a powerful chelator of iron(III), furnished a similar protection to the double-stranded DNA and lower protection (-'20%) to the single-stranded DNA (Fig. 2 B and C, lanes 4). This level of protection remained even following preincubation of the CFF with desferrioxamine before the addition of ascorbate. None of the chelators used, including DTPA, granted complete protection against DNA degradation. Thus, in accord with a previous work (42) , it should be considered that not only "free" metal ions are mobilized, but also copper-and iron-containing structures (such as heme) can leak into the coronary flow after ischemia and catalyze the ascorbate-driven degradation of DNA.
In a trial to further resolve the effects of redox active iron from those of copper ions, in the first reperfusion CFF, we used additional modes of intervention in the two abovementioned reaction systems. Zinc ions have been shown to provide protection against iron-and copper-mediated and free radical-induced biological damage (21, 43, 44) . In our hands, the addition of zinc ions to the reaction mixture led to a decrease in the level of DHBA formation ( Table 2 , experiment 13). Also, zinc ions provided partial protection to the double-stranded DNA against degradation but did not provide protection to the single-stranded DNA (Fig. 2 B and C,  lanes 5 ). This selective protection by zinc ions to double- stranded DNA, and not to single-stranded DNA, had been shown to be specific for copper ions (39) . The enhancement of DHBA formation by EDTA is specific for iron ions (45) .
Thus, these results demonstrate that copper and iron present in CFF are engaged in redox reactions.
Attempts to characterize whether the transition metal ions are bound to macromolecules (such as proteins) or to small molecules were met with great experimental difficulties. Inorganic or organic acids were found to be highly contaminated with copper and iron, as were organic solvents and most other reagents. Physical separation of CFF to high and low molecular weight species using Amicon (Centricon 10) filters provided only qualitative data. These membrane filters were also found to be contaminated with iron and copper, and even extensive washing with EDTA or EDTA/SDS did not eliminate their background readings. When the first reperfusion CFS after 35 min of ischemia was filtered, copper and iron contents were equally distributed between the filtrate and retenate. This estimate was determined spectroscopically by atomic absorption and functionally by DNA degradation. It indicates that about one-half of the redox active ions in the CFF are bound to macromolecular structures.
DISCUSSION
Copper and iron have been shown to become mobilized during 35 min of ischemia and are found in high levels in the first reperfusion CFF. Iron levels follow the same pattern as copper, but the absolute values are 10-to 20-fold higher. The concentrations have been determined by the classical approach using atomic absorption spectroscopy. Specifically, we have employed the modern Zeeman instrument, which allows determination at the part-per-billion range.
The quantitation of the changes in the levels of copper and iron in coronary flow was made possible due to several reasons. We used a special protocol according to which the volume of each CFF collected did not exceed 150 jL. By this, averaging of the readings and dilution effects were avoided, as iron and copper appear at relatively high levels only in a burst of small volume of coronary flow immediately following the termination of the ischemic phase. In addition, we used solutions with low background readings of iron and copper. Due to the need for a minimum 1-ml volume of each sample for the analyses, CFFs from several hearts were pooled together and were analyzed as a CFS. Also, to avoid artifacts due to the introduction of exogenous metal ions, it was essential to prepare special plastic cannula for the mounting of the heart to the perfusion system (rather than the regularly used metal piece) and to prewash all glassware and plastic tubing with EDTA.
After 35 min of ischemia, there is a good correlation between the patterns ofappearance and clearance ofiron and copper, on the one hand, and proteins, on the other. There are significant differences between these patterns following 18 and 35 min of ischemia. The degree of cardiac damage is dependent on the duration of the ischemic phase (30, 46) . It has been proposed that under conditions analogous to our system the damage associated with up to 20 min of ischemia is reversible, whereas longer periods of ischemia are considered to inflict irreversible injury (47) . In accord with this proposal, N,N,N N'-tetrakis(2-pyridylmethyl)ethylenediamine (48, 49) , neocuproine (31) , and the combination of desferrioxamine and zinc ions (50) (51) (52) provided nearly complete protection to these hearts after 20 min, but not after 35 min, of ischemia. In this communication we found that marked levels of copper are released after 35 min, but not after 18 min, of ischemia. The correlation between the degree of cardiac injury, as monitored by the hemodynamic parameters, on one hand, and release of copper, iron, and proteins, on the other, suggests that these levels should be examined as possible predictive indicators of the degree of heart injury following ischemia.
The mobilization of iron during organ ischemia and its involvement in tissue injury at the early phase of reperfusion had been hypothesized and speculated (22, 23, 30) (39, 53) . They take advantage of the fact that in the presence of redox active forms of copper and iron, ascorbate acts as a potent prooxidant (54, 55) promoting degradation of DNA (56, 57) and conversion ofsalicylate to its DHBA and catechol derivatives (40, 58) .
The mechanism by which both transition metal ions can participate in the injurious process is visualized via the metal-mediated and site-specific Haber-Weiss reaction (21, 59) or via the reaction of hypervalent states of these metals, such as Cu(III), ferryl, or perferryl ions (60) (61) (62) (63) . In both pathways, copper could be much more reactive than iron (39, 60, 64, 65) and by this compensate for its relatively low level. This points to a major role copper might play in catalyzing free radical reactions in vivo, including postischemic tissue injury.
This hypothesis concerning the causative role of copper in reperfusion damage to the heart is in accord with the proven protection allopurinol confers to patients undergoing cardiopulmonary bypass surgery (66) and to animals (devoid of heart xanthine oxidase activity) who have been subjected to ischemia/reperfusion (67) (68) (69) . We have recently shown that allopurinol forms tight complexes of low redox activity with copper, but not with iron, so that in the presence ofCu(II) (0.1 ,uM) and physiological levels of allopurinol (0.04 mM), practically all copper ions are bound to allopurinol and cannot promote free radicals reactions. The addition of allopurinol also minimized the copper-catalyzed aerobic oxidation of ascorbate and eliminated the ascorbate-driven and coppermediated degradation of DNA (70) .
In summary, although the comprehensive evaluation of the significance of copper mobilization following ischemia re-quires further experimental work, it is attractive to indicate that the findings in this communication are in accord with the proposed mechanisms of tissue injury following ischemia, by virtue of the causative role redox active metal ions can play. Substantiation of this hypothesis could lead to the development of new modalities for intervention in postischemic heart injury based on the employment of chelators specific for copper, as well as for iron.
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